Objective: To design a new trileaflet aortic valve and investigate its mechanical behavior using finite element methods. Background: Quantification of aortic valve deformation during cardiac cycle is essential in understanding normal and pathological valvular function and eventually in the design of valves. We have designed and analyzed a new tissue valve model to investigate the mechanics of the valve and its components. Methods: Steps involves in 3D CAD based geometric modeling of a trileaflet aortic valve and the effects of different component dimensions on the mechanical behavior of valve is presented in this paper. Conceptual designing of individual components was used to build the total geometric model. Different physiological pressures were applied on the valve model and its deformation patterns were studied. Results: A new geometric model of a trileaflet aortic valve was designed. Its mechanical behavior was studied. Geometric analysis and simulation of these models enhanced the designer to optimize the geometry suitable for performance during and after implantation. Conclusion: The geometry-based model presented here allows determining quickly if the new set of valve component dimensions results in a functional valve. This is of great interest to designers of new prosthetic heart valve models, as well as to surgeons involved in valvesparing surgery.
Introduction
Valvular heart disease is a life-threatening disease that afflicts millions of people globally and leads to approximately 250,000 valve repair and/or replacement surgeries every year [1] . Malfunction of a native valve impairs its efficient mechanical and hemodynamic performance. Although the functional mechanisms of the aortic valve has been studies extensively through experimental analysis, subtle influences of sinus geometry, leaflet and aortic root mechanics and hemodynamic loading on the valve function are not fully understood. A functional understanding of the aortic valve mechanics is essential for assessment for assessment and management of valvular pathologies [2] .
Assessment of heart valve mechanics is critical part of computer aided engineering of these valves. This is very much imperative in the case of bioprosthetic aortic valve [BAVs] , which are generally preferred over mechanical valves due to their superior hemodynamics, low thrombogenicity and minimally invasive deployment methodologies [3] . The design of BAVs has provides cardiac surgeons with devices that can be used to replace the diseased valve in patients with little or no anti-coagulation therapy. BAVs, in comparison to mechanical valves, however, have a shorter durability. The mechanisms of structural deterioration in BAVs are not clearly understood, but it is generally hypothesized that tissue degradation is stress related. Understanding the stresses which occur in a BAV should lead to better understanding of the degenerative processes. This eventually helps designers come up with robust valve models. Finite element analysis based simulations of complex BAVs have become increasingly popular these days. The aim of this paper is to bring out a 3D CAD based conceptual design of a BAV and subject it to finite element analysis to study the deformation patterns involved which may help in investigating their deterioration processes. The ultimate objective of this work is to accurately simulate the behavior of the valve under normal operating conditions. The insight gained from a numerical parametric investigation of the valve mechanics may be helpful in improv-ing the performance and durability of BAVs.
Methods

Geometry and Assumptions
Geometric modeling of a complex structure such as the aortic valve necessitates assumptions to make the approach tractable. First, it is assumed that the three leaflets are identical in size and properties, and lie at 120 degree from each other in the circumferential direction of the valve [15] . Figure 1 shows the base profile of the new aortic valve modeled by our team. Shown are the primary parameters that can be used to define the valve dimensions: Do, the outer diameter at the base; Di, the inner diameter at the base, and H, the valve height. The valve dimensions are tabulated in Table 1 . Most importantly, it is further considered that the dimensions of the valve components do not change significantly enough during the cardiac cycle that their variation should be accounted for in a first-order analysis.
The total configuration of our valve model is shown in Figure 2 . The overall shape of the bioprosthesis is determined by the woven Dacron fabric [5] . This fabric provides a structure to which the tissue can be sewn thereby helping in preventing leakage of the valve after implantation and contributing to the aesthetics of the valve. Three leaflets have been designed which are attached to the prosthetic apparatus. These leaflets are pushed out of the way during forward flow of blood through the valve. During backflow, however, the leaflets are forced together to the center of the aorta and press against each other under the influence of pressure so that they form a tight seal, thus preventing backflow [11] [12] [13] .As the back pressure peaks, the leaflets transmit stresses due to pressure acting on them onto the fabric where they are attached. In order to reduce the complexity of the model and to gain better understanding of leaflet contribution to stresses, the aorta is excluded from our model.
Material Model
Trileaflet symmetry is adopted and the compliant aortic root is assumed to be isotropic. The leaflets are reinforced with collagen giving the structure physiological material characteristics [6] [7] [8] [9] [10] . The material properties of the valve model that were considered for the study are tabulated in Table 2 below 
Finite Element Model
Loading and Boundary Conditions
Finite element analysis was performed using COSMOSWorks 2009, an FEA package. The valve was constrained strained at the aortic root and the origin of the valve leaflets as shown in Figure 3 . Stresses ranging between 10,665.8 N / m 2 and 26,664 N / m 2 were loaded on to the valve in the direction of valve opening, as shown in Figure 4 . These pressures were selected as they are equivalent to the normal human blood pressure which ranges from 80 mm Hg to 200 mm Hg [13, 14] .
Stress Distribution and Deformation in the Valve
The aortic valve was subjected to finite element analysis with the aforementioned material properties, loading and boundary conditions. Examples of simulation of the valve are shown in Figure 5 . The opening behavior of the valve during different phases of the cardiac cycle is shown in Figure 6 . 
Leaflet Analysis
Characteristics one would typically require from an aortic valve are smooth opening and closing. To understand the folding mechanism of the valve leaflets, study of the mechanical behavior of the leaflets is imperative [7] . The leaflet stresses and its deformation are given in Figure 7 . The valve leaflets and the material properties used are the same as described in the previous section.
Results
A stentless aortic valve model was subjected to finite element analysis and studied. To understand its deformation mechanism, individual leaflet analysis was done to understand attachment forces and displacement. The results of the finite element analysis are tabulated in Tables 3, 4 and 5. It is apparently clear that there was considerable amount of displacement of the leaflets in order to allow passing of blood from the lest ventricle to the aorta during systole. The same was shown in Figure 4 . Maximum strain in the valve is seen at the attachment of the leaflets to the aorta. This is again reinforced during analysis of individual leaflets. Hence it is clear that deformation occurs mostly at the leaflet attachment spots. These areas are also prone for mechanical degeneration over a period of time. Thus the stress distribution and the resultant displacement in an aortic valve were studied to understand its mechanical behaviour patterns. The results of the studies are tabulated in tables The highest stress in the leaflet was found at the attachment points at 7.76583e + 007 N / m^2. 
Conclusions
A finite element model of a stentless aortic valve was developed and its opening during the cardiac cycle was simulated. In the model, the effect of the pressure on the valve has leaflets has been taken into consideration, without considering stent and blood contribution. The analyses have shown the mechanical behavior of the valve leaflets and the areas prone for deformation and deterioration. This finding could significantly influence the construction, durability and functionality of pericardial bioprosthetic valves. 
